Abstract Schizophrenia (SCZ) is characterized not only by psychosis, but also by working memory and executive functioning deficiencies, processes that rely on the prefrontal cortex (PFC). Because these cognitive impairments emerge prior to psychosis onset, we investigated synaptic function during development in the neurodevelopmental methylazoxymethanol (MAM) model for SCZ. Specifically, we hypothesize that N-methyl-D-aspartate receptor (NMDAR) hypofunction is attributable to reductions in the NR2B subunit through aberrant epigenetic regulation of gene expression, resulting in deficient synaptic physiology and PFC-dependent cognitive dysfunction, a hallmark of SCZ. Using western blot and whole-cell patch-clamp electrophysiology, we found that the levels of synaptic NR2B protein are significantly decreased in juvenile MAM animals, and the function of NMDARs is substantially compromised. Both NMDAmEPSCs and synaptic NMDA-eEPSCs are significantly reduced in prelimbic PFC (plPFC). This protein loss during the juvenile period is correlated with an aberrant increase in enrichment of the epigenetic transcriptional repressor RE1-silencing transcription factor (REST) and the repressive histone marker H3K27me3 at the Grin2b promoter, as assayed by ChIP-quantitative polymerase chain reaction. Glutamate hypofunction has been a prominent hypothesis in the understanding of SCZ pathology; however, little attention has been given to the NMDAR system in the developing PFC in models for SCZ. Our work is the first to confirm that NMDAR hypofunction is a feature of early postnatal development, with epigenetic hyper-repression of the Grin2b promoter being a contributing factor. The selective loss of NR2B protein and subsequent synaptic dysfunction weakens plPFC function during development and may underlie early cognitive impairments in SCZ models and patients.
Glutamatergic hypofunction in the prefrontal cortex (PFC) is speculated to underlie cognitive symptoms (Lipska and Weinberger 2000; Gainetdinov et al. 2001; Kantrowitz and Javitt 2012) and contribute to the pathophysiology of schizophrenia (SCZ) (Coyle et al. 2002; Lau and Zukin 2007; . Particularly, the N-methyl-Daspartate receptor (NMDAR), a major glutamate receptor subtype, demonstrates alterations in post-mortem SCZ brain that support this long-standing hypothesis (MeadorWoodruff and Healy 2000; Martucci et al. 2006; Beneyto and Meador-Woodruff 2008; Kristiansen et al. 2010; Weickert et al. 2013) . NMDARs are heterotetrameric complexes composed of the requisite NR1 subunit, as well as two subunits of either NR2 (A-D) or NR3 (A-B) (Paoletti et al. 2013) . The subunit composition of NMDARs dictates their physiological properties, pharmacological sensitivity, and functional complexity (Paoletti et al. 2013) . NR2A and NR2B subunits are predominantly expressed in the adult brain and are essential for synaptic plasticity (Monyer et al. 1994) . In the PFC, NR2B-containing NMDARs (NR2B-NMDARs) on pyramidal neurons are necessary for the sustained firing activity required to maintain working memory function in response to incoming stimuli (Goldman-Rakic 1995; Wang et al. 2008) . Moreover, NR2B subunits are persistently expressed throughout PFC maturation (Wang et al. 2008) , whereas other brain regions undergo an NR2B-to-NR2A subunit switch. This switch is an essential element of experience-dependent maturation of many brain areas (Dumas 2005) ; however, PFC maturation is characterized by different developmental milestones (Monaco et al. 2015) .
Deficits in NMDAR function, particularly NR2B-NMDARs, impairs working memory (Wang et al. 2013) , which is a constituent process of many higher-order cognitive capacities including cognitive flexibility and executive functioning (Goldman-Rakic 1995) . These cognitive deficits, among others, are commonly reported in the SCZ population (Reichenberg 2010) and are the best predictor of functional outcome (Bowie and Harvey 2006) . Notably, behavioral manifestations of impaired cognition are evident prior to psychosis in patients (Jones et al. 1994; Cannon et al. 2000; Rosso et al. 2000) . Thus, a greater understanding of the developmental vulnerabilities that produce this early cognitive dysfunction is critical.
We use the methylazoxymethanol acetate (MAM) neurodevelopmental model for SCZ to investigate PFC postnatal development, with a focus on NMDAR expression (Gilmour et al. 2012) . Lending both face and predictive validities to this model for SCZ, MAM animals demonstrate a greater degree of MK801-induced hyper-locomotion that is sensitive to treatment with antipsychotics (Moore et al. 2006; Lodge and Grace 2009) . Additionally, deficiences in PFC-dependent cognition, including working memory and cognitive flexibility, are evident in this model (Gourevitch et al. 2004; Flagstad et al. 2005; Lavin et al. 2005; Moore et al. 2006) . Furthermore, MAM animals have altered hippocampal NMDAR expression, and impaired learning and memory function in juvenile and adolescent stages of development (Hradetzky et al. 2012; , demonstrating the relevance of this model in assessing NMDAR hypofunction in early postnatal development.
Epigenetic mechanisms regulate glutamatergic gene expression in normal brain development (Stadler et al. 2005) , with alterations in histone and DNA modifications implicated in neuropsychiatric disorders, including SCZ (Akbarian 2010a (Akbarian ,b, 2014 Nestler et al. 2016) . A possible mechanism underlying NMDAR hypofunction is repression of glutamatergic genes within the PFC, as reported in post-mortem SCZ brain tissue (Numata et al. 2014) . In fact, in the MAM model, aberrant histone modification patterns are evident in the developing medial PFC (mPFC) (Mackowiak et al. 2014 ). However, two major questions remain: (i) is NMDAR hypofunction evident in early postnatal development of the PFC in this SCZ model, and (ii) is there an epigenetic mechanism that may contribute to this endophenotype? In the following experiments, we seek to address these questions by characterizing the expression profile, synaptic physiology, and regulation by epigenetic mechanisms of NMDARs in the PFC of juvenile MAM and saline animals.
Materials and methods

Animals
All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Drexel University College of Medicine Institutional Animal Care and Use Committee. Adult pregnant Sprague-Dawley rats were purchased from Charles River Laboratories International, Inc. (RRID:RGD_734476; Wilmington, MA, USA) and, upon arrival, animals were kept on a normal light/dark cycle (lights on 7 : 00, lights off 19 : 00) in 21 AE 1°C with humidity at 30-70%, and ad libitum access to food (PicoLab â Rodent Diet 20, Labdiet, St Louis, MO, USA) and water. Dams were singly housed upon arrival and after giving birth. Pregnant Sprague-Dawley females were arbitrarily selected for intraperitoneal (I.P.) injection with either 25 mg/kg methylazoxymethanol acetate (MAM) or vehicle (saline) on embryonic day 17 (E17), as previously reported (Hradetzky et al. 2012; Xing et al. 2016; Li et al. 2017) . Pups were usually born on E21/P0, and were weaned and rehoused on postnatal day 21 (P21). Animals were separated according to gender such that at least two but no more than four animals were in each cage. Male animals aged P17-23 [classified as juveniles (Spear 2000; Gao 2009, 2010) ] in each litter were arbitrarily used and multiple litters (3-5) were included in all experiments.
Tissue collection and western blot for synaptosomal proteins Animals were anesthetized with Euthasol (0.2 mL kg
À1
, I.P.) until unresponsive to toe pinch, and then the brain was extracted. Brain tissue containing the medial PFC (mPFC) was dissected, homogenized in sucrose buffer (in mM: 320 sucrose, 4 HEPES-NaOH buffer, pH 7.4, 2 EGTA, 1 sodium orthovanadate, 0.1 phenylmethylsulfonyl fluoride, 50 sodium fluoride, 10 sodium pyrophosphate, 20 glycerophosphate, with 1 lg/mL leupeptin and 1 lg/mL aprotinin), and then centrifuged at 1000 g for 10 min to remove large cell fragments and nuclear materials. The resulting supernatant was centrifuged at 17 000 g for 15 min to yield cytoplasmic proteins in the supernatant. The pellet from this spin was re-suspended in homogenization buffer and centrifuged at 17 000 g for an additional 15 min to yield washed synaptosomes. The synaptosomal fraction then was hypo-osmotically lysed and centrifuged at 25 000 g for 20 min to yield synaptosomal plasma membranes in the pellet.
A bicinchoninic acid (BCA) protein assay was performed to determine protein concentration. The protein sample was mixed with laemmli sample buffer, boiled for 5 min, and separated on a 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (EMD-Millipore, Billerica, MA, USA). The membrane was blocked in 5% nonfat milk and probed with primary anti-serum. Each blot was probed for anti-mouse NR1 (RRID:AB_2533060; Invitrogen, 32-0500, 1 : 5000, Carlsbad, CA, USA), anti-rabbit NR2A (RRID:AB_1163481; EMD-Millipore, 04-901, 1 : 4000), anti-mouse NR2B (RRID:AB_417391; EMDMillipore, 05-920, 1 : 2000), anti-rabbit NR3A (RRID: AB_2112620; EMD-Millipore, 07-356, 1 : 4000), anti-rabbit NR3B (RRID:AB_10240972; Tocris, 2060, 1 : 4000), and antimouse actin (RRID:AB_476743; Sigma, A5316, 1 : 100 000, St Louis, MO, USA), which was used as a loading control. The blots were incubated with horseradish peroxidase-coupled anti-rabbit or anti-mouse IgG secondary antibody (Vector Laboratories, Burlingame, CA, USA), and proteins were visualized using enhanced chemiluminescence (ECL Plus, Amersham Biosciences, Piscataway, NJ, USA). Protein expression of each subunit was evaluated by densitometry using Image-J software. Additionally, samples from each animal were run at least 4 times to minimize interblot variance. Raw values for NMDAR subunit proteins were normalized to actin and this ratio was further normalized to the first usable band on each membrane. The normalized values for each protein were averaged per animal to yield the mean and standard error per group.
Whole-cell patch-clamp electrophysiology Male juvenile (aged P17-23) saline and MAM animals were anesthetized with Euthasol (0.2 mL kg À1 , I.P.), the brains were removed, and coronal slices containing the prelimbic PFC (plPFC) were cut (300 lm) into an ice-cold bath of oxygenated artificial cerebrospinal fluid (aCSF, in mM: 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgSO 4 , 26 NaHCO 3 , and 10 dextrose, pH 7.4) using a VT-1200S vibratome tissue slicer (Leica Microsystems, Wetzlar, Germany). Slices were transferred to a holding chamber, submerged in oxygenated aCSF at 35°C for 1 h and then remained at 20-25°C until used for recording. Slices were placed into a recording chamber mounted on an Olympus upright microscope (BX51, Olympus America, Center Valley, PA, USA), where they were continuously bathed in oxygenated aCSF. Neurons were visualized with infrared differential interference video microscopy. All experiments were conducted with an Axon MultiClamp 700B amplifier (Molecular Devices, Novato, CA, USA), and data were acquired using pCLAMP 9.2 software and analyzed using Clampfit 10.2 software (Molecular Devices).
Spontaneous and miniature excitatory postsynaptic currents
To record AMPA-and NMDA-mediated spontaneous or miniature excitatory postsynaptic currents (EPSCs), somatic whole-cell voltage-clamp recordings were obtained from layer V pyramidal cells in plPFC using patch electrodes with an open tip resistance of 5-7 MΩ (internal solution, in mM: 110 D-gluconic acid, 110 CsOH, 10 CsCl 2 , 1 EGTA, 1 CaCl2, 5 QX-314, 1 ATP-Mg, 10 HEPES, at pH 7.3, adjusted with CsOH). In voltage-clamp mode, the membrane potentials were held at -70 mV in the presence of picrotoxin (50 lM) to record AMPA-mediated spontaneous EPSCs (AMPAsEPSCs), or with both picrotoxin and tetrodotoxin (0.5 lM) for miniature EPSCs (AMPA-mEPSCs). mEPSCs were recorded for at least 5 min and then 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 lM) was washed on to block a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPARs). When all currents ceased, the membrane potential was slowly ramped up to 60 mV. NMDA-mediated mEPSCs were then recorded for at least 5 min. A typical s/mEPSC event was selected to create a sample template for event detections within a 5-min period for each data file. The frequency (number of events) and amplitude of the individual events were examined with the threshold set at the medium level (i.e., 5 within a range of 1-9) in Clampfit. The detected events were then visually inspected to ensure specificity.
Evoked excitatory postsynaptic currents
To record evoked AMPA-mediated EPSCs (AMPA-eEPSCs) and NMDA-mediated EPSCs (NMDA-eEPSCs), a bipolar stimulating electrode was placed in layer II/III of the plPFC approximately 200-300 lm medial to visually-identified layer V pyramidal cells. Picrotoxin (50 lM) was used to block GABA A R-mediated neurotransmission. Cells were held at 60 mV to record NMDA-eEPSCs for 5 min before and 5 min after bath application of a selective NR2B antagonist Ro25-6981 (Ro25, Sigma-Aldrich, R7150, 1 lM). EPSCs were evoked through the stimulating electrode, using a physiologically relevant 10-pulse, 20 Hz train with a 0.1 Hz stimulating interval. Stimulus intensity was adjusted until 50-100 pA NMDA-eEPSC amplitude responses were achieved. Cells with an unstable baseline or unusual response patterns throughout recording were removed from the analysis. The EPSC recordings were monitored throughout each experiment by implementing a À100 pA current pulse with a 200 ms duration. Traces were analyzed for amplitude relative to the first post-stimulus baseline and cumulative charge (charge transfer, nA*ms), as well as pairedpulse ratio (PPR).
Western blot for histone proteins mPFC tissue was collected as described above. The Epiquik Total Histone Extraction Kit (OP-0006, EpiGentek, Farmingdale, NY, USA) was used to isolate the histone fraction. A bicinchoninic acid assay was used to determine protein concentration. After boiling in laemmli buffer for 5 min, 15 lg of protein were loaded on a 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. After electrophoresis, blots were transferred to pore size 0.20 lm polyvinylidene difluoride membranes (Millipore). Membranes were blocked with 5% nonfat milk and separately probed with the following primary antibodies: H3K9ac (RRID:AB_297491; Abcam, ab10812, 1 : 5000, Cambridge, UK), H3K18ac (RRID: AB_298692; Abcam, ab1191, 1 : 5000), H3K27ac (RRID: AB_2118291; Abcam, ab4729, 1 : 5000), H3K27me3 (RRID: AB_305237; Abcam, ab6002, 1 : 2000) , and total histone H3 (RRID:AB_10001790; Novus, NB500-171, 1 : 100 000) was used as a loading control. Blots were incubated with horseradish peroxidase-coupled anti-rabbit or anti-mouse IgG secondary antibody (Vector Laboratories), and proteins were visualized using enhanced chemiluminescence (ECL Plus, Amersham Biosciences). Protein expression for each histone modification was evaluated by densitometry using Image-J software. Samples from each animal were run at least 4 times to minimize interblot variance.
Chromatin immunoprecipitation-qPCR assay mPFC tissue was collected from saline and MAM animals at P21 and pooled for the chromatin immunoprecipitation (ChIP) assays performed using the truChIP TM Chromatin Shearing Kit (Covaris, PN 520083). Three separate reactions with 50 mg of sheared chromatin were carried out using: (i) 2 lg of RE1-silencing transcription factor (REST) antibody (RRID:AB_310728; Millipore; 07-579), (ii) 1 lg H3K27me3 antibody (Abcam; ab6002), and (iii) a mock reaction containing all reagents with IgG as a control. The chromatin was immunoprecipitated, using the EZ-Magna ChIP TM A-Chromatin Kit (Millipore; 17-408). The eluted material was purified using a QIAquick PCR kit (28104; Qiagen, Valencia, CA, USA) and was directly used for quantitative polymerase chain reaction (qPCR). Positive and negative control primer sets were purchased from Active Motif (71027, 71024). PCRs were performed in a 20-lL reaction containing purified chromatin DNA, 1 mΜ Power SYBR Green PCR Master Mix (4367659; Applied Biosystems, Foster City, CA, USA), and 10 mM of both forward and reverse primers, reported by Rodenas-Ruano et al. (2012) and shown in Table 1 . PCR was performed in triplicate using an ABI 7500 system (Applied Biosystems), yielding a final sample size of 6 data points. Briefly, a standard curve was generated from serial 10-fold dilutions of input DNA. The C t values were used to estimate DNA quantity of the ChIP and mock (no antibody) control samples. Fold enrichment levels were calculated as a ratio of the DNA quantity in the ChIP samples to control samples.
Data analysis
Power analysis (G*Power 3.1.9.2) was used to determine sample sizes for experiments from preliminary data (a = 0.05). Ten cells per group were found to be sufficient for electrophysiological experiments. For biochemical analyses, 4-6 animals were sufficient. In some experiments, the experimenter was blind to group (saline or MAM) until after data analysis was complete. Statistical analyses were carried out using SPSS Statistics version 24.0 (IBM, Armonk, NY, USA). Normality and homogeneity of variance testing determined the use of parametric or non-parametric tests for each dataset. Outliers were identified by z-score testing, and data points that may have been compromised by experimental error were excluded. Protein expression analyses, AMPA-and NMDA-s/ mEPSC amplitude and frequency, and ChIP-qPCR enrichment levels were compared using unpaired Student's t-test or MannWhitney U tests. Enrichment of REST and H3K27me3 at Grin1, Grin2a, and Grin2b between groups and across promoter regions were analyzed using a One-Way ANOVA with a Tukey's post hoc. Evoked data were analyzed using repeated measures ANOVA to compare amplitude or charge transfer between groups and across pulses. Simple main effects were determined if a significant interaction effect was found. Otherwise, Student's t-test or MannWhitney U tests were used for post-hoc analysis. All data are presented as mean AE standard error (SE). Single, double, and triple asterisks represent p < 0.05, p < 0.01, and p < 0.001, respectively.
Results
NMDAR protein levels are reduced in the mPFC of juvenile MAM rats To determine if NMDARs are altered during prefrontal development in this SCZ model, we first examined how prenatal MAM exposure affects NMDAR protein levels in juvenile (P21) animals ( Fig. 1) . We collected synaptic plasma membrane fractions from saline and MAM animals and probed for NMDAR subunit levels via western blot. Actin was used as a loading control. We found no significant differences between saline and MAM animals in NR1, NR2A, NR2B, NR3A, or NR3B subunit levels at P14 (data not shown; Saline n = 3-5 rats, MAM n = 3-5 rats; p = 0.651, p = 0.360, p = 0.892, p = 0.172, and p = 0.230, respectively). However, in the mPFC of late juvenile (P21) MAM animals, there was a significant decrease in NR2B protein compared to saline animals ( Fig. 1 ; saline 0.76 AE 0.07, n = 4; MAM 0.53 AE 0.06, n = 5; p = 0.045). No difference was found for NR1, NR2A, NR3A, or NR3B levels at P21 (Saline n = 4, MAM n = 5; p = 0.842, 0.170, 0.994, and 0.681, respectively). Together, these data indicate that prenatal MAM exposure alters NMDAR protein levels during the critical juvenile period of the developing mPFC. Moving forward, experiments in juvenile animals encompassed the late juvenile (P21) time point.
NMDA-mEPSCs, but not AMPA-s/mEPSCs, are diminished in juvenile MAM mPFC We next sought to determine if the reduced NMDAR subunit protein levels in juvenile MAM animals resulted in altered NMDAR functionality. We utilized whole-cell patch-clamp electrophysiology to record from layer V pyramidal neurons in the plPFC and examined both NMDAR-and AMPARmediated EPSCs. This approach allowed us to understand the functional state of NMDARs and AMPARs in response to inputs from multiple brain regions. We first recorded sEPSCs that presumably resulted from action potentials of presynaptic Table 1 Forward and reverse primers sequences for Grin2b (proximal promoter region), Grin2a, and Grin1 (from Rodenas-Ruano et al. (2012) ).
Forward primers
Reverse primers
TCCCTGCTTCCTCTCTTGGA AATGACTGCTGGGAGCAAAGAC neurons, as well as the spontaneous release of neurotransmitter at synapses, and then washed on tetrodotoxin to block action potentials in the slice and recorded mEPSCs. We held the cell at -70 mV with GABA A R function blocked to assess if MAM exposure had an effect on functional AMPARs and if there were changes in presynaptic function. We found no Representative Western blots (left) and summary scatterplot (right) demonstrating significant loss of synaptic NR2B protein in mPFC from MAM-exposed animals compared to saline-exposed controls.
*p < 0.05. differences in either the frequency or amplitude of the AMPAsEPSCs or -mEPSCs in juvenile (P17-23) MAM and saline rats ( Fig. 2a and b ; sEPSCs: frequency, Hz, saline 2.12 AE 0.42, n = 14 cells; MAM 1.99 AE 0.31, n = 23 cells; p = 0.731. Amplitude, pA, saline 17.80 AE 1.29; MAM 16.26 AE 0.54, p = 0.506. mEPSCS: frequency, Hz, saline 1.34 AE 0.32, n = 13; MAM 2.28 AE 0.66, n = 15; p = 0.387. Amplitude, pA, saline 14.27 AE 0.59; MAM 14.33 AE 1.02, p = 0.961).
We next held the cell at 60 mV while blocking GABA A Rs and AMPARs to examine changes in NMDAR function. In juveniles, we saw a significant decrease in NMDAR-mEPSC amplitude, but not frequency, in MAM plPFC neurons compared with those in saline animals ( Fig. 2c ; mEPSCs: frequency, Hz, saline 1.16 AE 0.18, n = 14; MAM 1.51 AE 0.38, n = 11; p = 0.424. Amplitude, pA, saline 32.06 AE 2.98, MAM 20.73 AE 2.12; p = 0.007). Thus, prenatal MAM exposure impairs functional NMDARs, but not AMPARs, in the developing plPFC; however, it is unclear whether preor post-synaptic dysfunction contributes to deficient NMDAR neurotransmission.
Juvenile MAM animals have a significant reduction in postsynaptic NR2B-NMDARs in plPFC layer V pyramidal neurons To determine whether synaptic function of plPFC pyramidal cells is affected by prenatal MAM exposure, we recorded NMDAR-mediated EPSCs evoked by stimulating layer II/III afferents with a 10-pulse, 20 Hz train. To evaluate the functional state of NMDARs during development, we compared the amplitude and charge transfer of the evoked EPSCs between saline and MAM animals. GABA A R-mediated neurotransmission was blocked with picrotoxin, and stimulation was adjusted until EPSC amplitudes of 50-100 pA were achieved. We found that amplitudes of NMDAR-eEPSCs are reduced in juvenile MAM animals ( Fig. 3a; amplitude, pA, Saline n = 10, MAM n = 10, Repeated Measures ANOVA: group: F(1, 18) = 9.64, p = 0.006, pulse: F(1.69, 30.43) = 5.39, p = 0.013; interaction: F(1.69, 30.43) = 1.17, p = 0.316). Simple main effects analysis reveals amplitude is significantly diminished in MAM animals at all 10 pulses (p < 0.05). Similarly, charge transfer of NMDA-eEPSCs is significantly reduced in MAM animals (Fig. 3a , charge transfer, nA*ms, Repeated Measures ANOVA: group: F(1, 18) = 7.36, p = 0.014, pulse: F(1.06, 19.08) = 55.51, p < 0.001; interaction: F(1.06, 19.08) = 6.25, p = 0.020). Simple main effects analysis shows charge transfer is significantly decreased in juvenile MAM plPFC at all pulses (p < 0.05). We did not find any changes in paired-pulse ratio (PPR), a measure of presynaptic release probability, which indicates these reductions in synaptic transmission are restricted to alterations in postsynaptic receptor function ( Fig. 3a; t(18) = 1.08, p > 0.05). We also did not find any significant differences in stimulation intensity between the saline and MAM groups ( Fig. 3a ; U = 42; p > 0.05). Together, these data demonstrate a loss of post-synaptic NMDARs in layer V pyramidal neurons in juvenile MAM plPFC.
The NR2B protein loss seen in western blot experiments and the reduction in synaptic NMDAR-eEPSC responses may be reflective of a reduction in postsynaptic NR2B-NMDARs specifically. To test this hypothesis, we bathapplied Ro25-6981 (Ro25, 1 lM), a selective NR2B antagonist, while holding the cell at 60 mV. Reductions in evoked NMDA amplitude and charge transfer following Ro25 treatment indicate a blockade of solely NR2B-NMDARs. Following bath application of Ro25 in saline cells, we found a moderate but significant reduction in NMDAR-eEPSC amplitude ( Fig. 3b ; amplitude, pA; Saline before Ro n = 10, Saline after Ro n = 8, group: F(1, 16) = 5.04; p = 0.039; pulse: F(1.36, 21.69) = 5.32, p = 0.022; interaction: F(1.36, 21.69) = 0.38, p = 0.608; post hoc: pulses 3-5, p < 0.05, pulses 1-2, 6-10, p > 0.05). Surprisingly, charge transfer is only marginally diminished following Ro25 wash-on in saline cells ( Fig. 3b ; charge transfer, nA*ms; group: F(1, 16) = 3.06, p = 0.10; pulse: F(1.05, 16.73) = 38.02, p < 0.001; interaction: F(1.05, 16.73) = 2.88, p = 0.107; post hoc: pulses 1&4, p < 0.05, pulses 2-3, 5-10, p > 0.05). However, bath application of Ro25 does not reduce amplitude or charge transfer in juvenile MAM animals, likely as a result of a significant loss of NMDARs ( Fig. 3c ; amplitude, pA; MAM before Ro n = 10, MAM after Ro n = 9, group: F (1, 17) = 0.43; p = 0.519; pulse: F(1.83, 31.18) = 3.42, p = 0.049, interaction: F(1.83, 31.18) = 0.25, p = 0.763; charge transfer, nA*ms; group: F(1, 17) = 0.19, p = 0.671; pulse: F(1.05, 17.79) = 38.85, p < 0.001; interaction: F (1.05, 17.79) = 13.90, p = 0.691). Post hoc analyses reveal no significant differences in amplitude or charge transfer between saline or MAM animals after Ro25 treatment. We can conclude synaptic NR2B-NMDARs are reduced in juvenile MAM animals as confirmed by the occlusion of Ro25 0 s effect on layer V pyramidal cells in juvenile MAM plPFC.
To further confirm AMPAR function is unchanged following prenatal MAM exposure, we evaluated the effect of layer II/III stimulation on AMPAR-eEPSCs in saline and MAM plPFC. To record AMPAR-eEPSCs, the cells were held at -70 mV in the presence of picrotoxin (50 lM) to block GABA A R-mediated neurotransmission. EPSCs were evoked as described above; stimulation intensity was increased until 50-100 pA responses were elicited. We found no significant differences in amplitude or charge between juvenile saline and MAM animals (data not shown; amplitude, pA, Saline n = 11, MAM n = 9, Repeated Measures ANOVA: group: F(1, 18) = 3.09, p = 0.096, pulse: F(2.49, 44.84) = 17.16, p < 0.001; interaction: F(2.49, 44.84) = 0.88, p = 0.441. Charge transfer, nA*ms, Repeated Measures ANOVA: group: F(1, 18) = 0.77, p = 0.391, pulse: F(1.03, 18.57) = 64.09, p < 0.001; interaction: F(1.03, 18.57) = 0.77, p = 0.395). Further, there were no significant differences in PPR or stimulation intensity between the two groups (data not shown; PPR: saline 1.03 AE 0.05, MAM 0.89 AE 0.11, p = 0.236. Stimulation intensity: saline 247.36 AE 45.40, MAM 256.44 AE 79.65, p = 0.370). Together, these data confirm that pre-synaptic release mechanisms and AMPARs are unaffected by prenatal MAM exposure; however, hypofunction of NR2B-NMDARs is evident in juvenile MAM plPFC.
H3K27me3 is selectively increased in the mPFC of juvenile MAM rats
To evaluate whether epigenetic mechanisms may be implicated in regulating NMDAR expression during postnatal development, we assayed a number of histone modifications relevant to learning and memory processes. This exploratory approach would lend insight into whether a misregulation of the epigenome underlies juvenile NMDAR hypofunction in the MAM model for SCZ. We collected mPFC tissue from saline and MAM animals at P21 and processed the tissue to isolate the histone fraction. Using western blotting to determine levels of acetylation and methylation on histone H3, we found juvenile MAM animals had a significant increase in H3K27me3 (Fig. 4 ; Saline 0.93 AE 0.04, n = 5; MAM 1.05 AE 0.01, n = 6; p = 0.045), but no change in the acetylation markers assayed (H3K9ac, p = 0.263; H3K18ac, p = 0.524; H3K27ac, p = 0.294). These data suggest epigenetic modifications are facilitating the NR2B protein loss observed in the juvenile MAM mPFC. We further tested this possibility using ChIP-qPCR as described below.
The proximal promoter region of Grin2b is highly enriched in the transcriptional repressor REST and the histone marker H3K27me3 in juvenile MAM mPFC Our findings thus far reveal a marked increase in the repressive epigenetic marker H3K27me3 with concomitant reduction in NR2B protein levels and functional NR2B-NMDARs in juvenile MAM mPFC and plPFC, respectively. Using the evidence of increased H3K27me3 in juvenile MAM mPFC, we carried out ChIP-qPCR assays to measure the enrichment levels of the RE1-silencing transcription factor (REST) and repressive histone marker H3K27me3 at the proximal promoter region of the Grin2b gene (NR2B-encoding). Grin2b has response element (RE1) motifs within its promoter region to which REST can be recruited (Rodenas-Ruano et al. 2012) . To test the specificity of REST-mediated repression, we also assessed the enrichment levels of REST at the RE1 sites of Grin1 (NR1-encoding) and Grin2a (NR2A-encoding). For saline controls, we found REST was significantly enriched at Grin2b, but not at Grin1 or Grin2a RE1 sites ( Fig. 5a ; saline REST, One-Way ANOVA, group: Grin2b 20.86 AE 5.23, n = 4 rats yielding 6 data points from qPCR; Grin2a 3.85 AE 1.04; Grin1 3.05 AE 1.13; F(2, 17) = 9.17, p = 0.003; Tukey's post hoc: saline Grin2b vs Grin2a, p = 0.005; saline Grin2b vs Grin1, p = 0.007; saline Grin2a vs Grin1, p = 0.985). Similarly, repressive marker H3K27me3 was significantly enriched at Grin2b, but not at the Grin1 or Grin2a RE1 sites in saline PFC ( Fig. 5b ; saline H3K27me3, One-Way ANOVA, group: Grin2b PCR was performed in triplicate yielding a final sample size of 6 data points. A standard curve was generated from serial 10-fold dilutions of input DNA. The C t values were used to estimate DNA quantity of the ChIP and mock (no antibody) control samples. Fold enrichment levels were calculated as a ratio of the DNA quantity in the ChIP samples to control samples. (a) RE1-silencing transcription factor (REST)-mediated repression of the proximal promoter of Grin2b contributes to reduced synaptic NR2B protein in juvenile methylazoxymethanol (MAM) animals. Representative scatterplots depicting elevated REST enrichment at Grin2b in saline and MAM animals compared to other promoter regions, Grin2a and Grin1, confirming regulation of gene expression by REST is specific to Grin2b in the juvenile mPFC. Moreover, REST enrichment is significantly greater at Grin2b in MAM compared to saline mPFC. (b) H3K27me3 enrichment is significantly elevated at Grin2b and Grin2a in MAM animals, but not at Grin1, compared to saline animals. *p < 0.05, **p < 0.01, ***p < 0.001.
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.03 AE 19.24, n = 4; Grin2a 102.82 AE 28.49; Grin1 57.88 AE 12.41; F(2, 17) = 17.91, p < 0.001; Tukey's post hoc: saline Grin2b vs Grin2a, p = 0.002; saline Grin2b vs Grin1, p < 0.001; saline Grin2a vs Grin1, p = 0.316).
Together, these data demonstrate that REST is normally more highly enriched within the proximal promoter region of Grin2b than at either Grin1 or Grin2a RE1 sites. This confirms the selective role of REST in regulating Grin2b expression, as has been shown in the hippocampus (Rodenas-Ruano et al. 2012). Further, repressive marker H3K27me3 enrichment at the Grin2b promoter region, but not at Grin1 or Grin2a, lends evidence to the notion that Grin2b expression is tightly regulated by these mechanisms compared to other major NMDAR subunit proteins.
In contrast, Grin2b in MAM animals has a significant increase in REST enrichment in the mPFC compared to saline controls ( Fig. 5a ; REST Grin2b: saline 20.86 AE 5.23, n = 4; MAM 66.10 AE 13.28, n = 4; p = 0.017). We found that enhanced enrichment of REST binding at Grin2b is accompanied by a significant increase in H3K27me3 levels ( Fig. 5b; H3K27me3 Grin2b: saline 230.03 AE 19.24; MAM 9752.23 AE 598.3; p < 0.001). Of note, we did observe an increased level of H3K27me3 in the MAM mPFC at the Grin2a RE1 site ( Fig. 5b; H3K27me3 Grin2a: saline 102.82 AE 28.49, MAM 2258.43 AE 774.18; p = 0.019). Such enrichment is not associated with increased REST enrichment at this Grin2a RE1 site ( Fig. 5a ; REST Grin2a: saline 3.85 AE 1.04, MAM 5.85 AE 2.14; p = 0.420). Moreover, we did not observe a significant difference in REST or H3K27me3 enrichment at the Grin1 promoter region in saline versus MAM animals, suggesting MAM exposure does not induce transcriptional regulation at this Grin1 RE1 site ( Fig. 5a and b; REST Grin1: saline 4.59 AE 1.13, MAM 3.05 AE 0.40; p = 0.230; H3K27me3 Grin1: saline 57.88 AE 12.41, MAM 49.18 AE 6.27; p = 0.546). Thus, in comparing levels of REST and H3K27me3 enrichment at RE1 sites of NMDAR-expressing genes Grin1, Grin2a, and Grin2b between saline and MAM animals, it is evident that the extent of REST and H3K27me3 enrichment is far greater than that observed in control PFC, indicating that the Grin2b proximal promoter region is in a hyper-repressed state in juvenile MAM mPFC. We conclude that this hyperrepression in MAM mPFC in part contributes to the decrease in synaptic NR2B protein and NR2B-NMDAR hypofunction evident in plPFC in prior experiments (Figs 1 and 3c ).
Discussion
In these experiments, we explored the glutamate hypofunction hypothesis by measuring NMDAR subunit expression and function in the developing mPFC using the neurodevelopmental MAM rat model for SCZ. Our findings provide the first direct evidence that NMDAR hypofunction is occurring at an early (juvenile) stage of development in the MAM model for SCZ. Specifically, synaptic NR2B protein expression is significantly decreased in the mPFC. Concomitantly, NMDAR-mediated neurotransmission is deficient as evidenced by reduced amplitude of NMDAR-mEPSCs and diminished synaptic NMDAR-mediated current in juvenile MAM plPFC pyramidal neurons. Mechanistically, epigenetic mechanisms demonstrate a key role in this NR2B-related dysfunction. REST repressor protein is preferentially localized to the RE1 site in the Grin2b proximal promoter, but not to RE1 sites in the promoters of other major NMDAR subunit genes, Grin1 or Grin2a. Additionally, a functional marker of transcription, H3K27me3, is significantly increased at the Grin2b promoter in juvenile MAM mPFC. Together, these data suggest that epigenetic mis-regulation of NR2B expression underlies NMDAR hypofunction in the plPFC of juvenile animals in the MAM model for SCZ.
Pharmacological, neurodevelopmental, and transgenic mouse models are used extensively to understand the role of NMDARs in SCZ Javitt 2010, 2012; Gilmour et al. 2012; . However, conclusions drawn from previous work remain incomplete given that this research often focuses on investigation of the adult brain, albeit cognitive dysfunction emerging early in development and preceding psychosis (Jones et al. 1994; Cannon et al. 2000; Rosso et al. 2000) . Indeed, transient antagonism of NMDARs during the juvenile period can elicit commonly reported SCZ-like endophenotypes in adulthood (Jeevakumar et al. 2015) . These results corroborate our findings in the MAM model; NMDAR hypofunction in juveniles, in the form of reduced NR2B-NMDARs, precedes dopaminergic hypersensitivity, diminished social interaction (Flagstad et al. 2004) , sensorimotor gating deficits, and perseverative behavior in cognitive flexibility (Moore et al. 2006) , akin to positive, negative, and cognitive symptoms reported in SCZ patients (Elliott et al. 1995; Laruelle 2000; Geyer et al. 2001) . This is an important indicator that NMDAR hypofunction may emerge in early postnatal development, such as the juvenile stage of mPFC development, in SCZ.
NMDAR hypofunction in juvenile MAM mPFC is due to reduced NR2B protein expression and function at the postsynaptic site, as evidenced by the smaller amplitude of NMDAR-mEPSCs and evoked NMDAR currents. The NR2B subunit is integral for promoting persistent activity, which is the proposed molecular correlate of working memory function (Goldman-Rakic 1995; Wang et al. 2013) . Because NR2B levels remain persistently high in the PFC throughout development and adulthood (Wang et al. 2008) , the selective loss of NR2B-NMDARs in MAM plPFC results in a vulnerability to working memory impairments Xing et al. 2016; Li et al. 2017) . NR2B protein levels are substantially reduced, as shown by western blot analysis, but this approach cannot distinguish the regional or laminar specificity of this deficiency. To this end, we used a selective blocker of NR2B, Ro25, to confirm the loss of synaptic NR2B-NMDARs in pyramidal neurons of the plPFC. In the saline group, Ro25 treatment reduces the amplitude of NMDARmediated currents by 57% at the first pulse, and approximately 50% at each proceeding pulse (range 49-55%). However, in the MAM group, NMDAR-mediated amplitude is reduced by only 22% (range 14-26%). The significant loss of post-synaptic NMDARs in MAM cells occludes the predicted effect of Ro25 compared to saline cells, confirming a significant reduction in specifically NR2B-NMDARs in MAM plPFC (Fig. 6 ).
Since glutamate hypofunction emerged as a potential neurobiological underpinning of SCZ, efforts have focused on identifying the mechanism underlying this molecular disruption. Single-nucleotide polymorphisms and other genetic disturbances implicate Grin2b in psychiatric disorders, including SCZ (Qin et al. 2005; Endele et al. 2010; Jiang et al. 2010; Jia et al. 2012; Weickert et al. 2013; Akbarian 2014; Fromer et al. 2014) . Indeed, complex higherorder chromatin conformations are involved in regulating gene expression and eventually, cognitive function. For example, rare single-nucleotide polymorphisms in distal gene locations can, in fact, disrupt Grin2b expression and affect (MAM) juvenile mPFC, and RE1-silencing transcription factor (REST) (gray ovals) and H3K27me3 (black triangles) enrichment at response element (RE1) sites in the promoter regions of Grin2b, Grin2a, and Grin1 in juvenile saline and MAM mPFC. Top panel, NR2B-NMDAR levels are persistently high in the developing mPFC and play a critical role in synaptic plasticity and PFCdependent cognitive functions. However, MAM animals are vulnerable to cognitive dysfunction due to the significant loss of synaptic NR2B-NMDARs in the critical juvenile period. Bottom panel, REST and H3K27me3 enrichment levels in saline mPFC are higher at the Grin2b RE1 site compared to the Grin1 and Grin2a RE1 sites, demonstrating selective REST regulation of Grin2b is an endogenous repressor mechanism. In the MAM mPFC, REST and H3K27me3 enrichment levels are greatly elevated compared to the saline group, demonstrating the hyper-repression of the proximal promoter region of Grin2b. Levels of REST and H3K27me3 enrichment are comparable between saline and MAM animals at the Grin1 and Grin2a RE1 sites, with the exception of a surprising elevation of H3K27me3 enrichment at the Grin2a promoter in MAM mPFC.
working memory function in both humans and mice (Bharadwaj et al. 2014) . Therefore, a highly complex network of genetic and epigenetic processes is implicated in how glutamatergic genes may become dysregulated in SCZ.
We sought to identify how the NR2B subunit was diminished in MAM mPFC without substantial alteration of other NMDAR subunit protein levels. To address this question, we looked to a well-characterized molecular process, the NR2B-to-NR2A subunit switch, in which NR2B protein levels are significantly decreased while NR2A protein expression is augmented to promote functional maturation of critical brain regions (Dumas 2005; Rodenas-Ruano et al. 2012; Monaco et al. 2015) . This process is tightly controlled by an epigenetic mechanism that is dependent upon the repressor REST and its corepressor protein partners (Tamminga and Zukin 2015) . Though it is unclear what dictates the specificity of REST for Grin2b compared to other NMDAR promoters, this pattern has been shown in these experiments and others (Rodenas-Ruano et al. 2012) . Thus, we hypothesized that this endogenous repressive mechanism of Grin2b expression is responsible, at least in part, for the selective reduction in NR2B protein observed in juvenile MAM animals via aberrant hyperrepression of the Grin2b promoter. Our work is the first to reveal REST is a selective regulator of Grin2b expression in the juvenile mPFC, wherein the typical NR2B-to-NR2A subunit switch is absent, with no significant enrichment at the Grin1 or Grin2a promoters (Fig. 6) . Further, aberrant REST enrichment selectively at Grin2b contributes to NR2B protein loss in juvenile MAM mPFC.
Histone modifications can serve as functional readouts of chromatin state (Akbarian 2010b) . Altered histone modification patterns have been reported in the developing PFC of MAM animals (Mackowiak et al. 2014) , indicating aberrant epigenetic processes contribute to abnormal PFC development in this model. Specifically, the repressive histone modification H3K27me3 is implicated in cellular vulnerability in SCZ (Kano et al. 2013) , reinforcing the contribution of this modification to neural dysfunction in the human condition. However, information regarding the specific location of these histone modification changes in the genetic landscape is lacking. Here, we confirm that the increase in H3K27me3 in juvenile MAM mPFC, as shown in western blots, is also evident at the Grin2b proximal promoter site. This is likely because of the REST-mediated recruitment of Polycomb complex PRC2, which contains a catalytic enzyme domain, EZH2, responsible for the H3K27me3 modification (Kim and Kim 2012) . Importantly, these processes are transient regulators of gene expression. Thus, our focus was on the intermediate stage (p21) of juvenile development in order to measure H3K27me3 enrichment levels concomitant with NR2B protein loss in the mPFC.
Surprisingly, there was also a significant increase in H3K27me3 enrichment at Grin2a in MAM mPFC, although the levels of REST are not significantly enriched at this promoter, and protein levels of NR2A are not altered in MAM animals. As evident in our ChIP experiments, a pattern of H3K27me3 enrichment exists in saline animals across promoters; that is, levels of this histone modification are highest at Grin2b, lower at Grin2a, and lowest at Grin1 (Grin2b > Grin2a > Grin1). Interestingly, MAM animals show a similar pattern of H3K27me3 enrichment in the mPFC, although to a much higher degree. Compared to saline mPFC, the level of H3K27me3 enrichment is 41-fold higher at Grin2b, while the enrichment at Grin2a is only 21-fold higher in MAM mPFC. We hypothesize that levels of H3K27me3 are elevated by a REST-independent mechanism at the Grin2a promoter. In fact, shRNA-mediated knockdown of REST does not significantly affect NR2A mRNA levels (Rodenas-Ruano et al. 2012) , supporting the notion that significant enrichment of H3K27me3 levels at Grin2a in MAM mPFC are likely independent of REST. Alternatively, histone modifications such as H3K4me3 and H3K36me3 balance the chromatin state by mitigating the effects of repressive histone modifications, prohibiting alterations to gene expression (Aranda et al. 2015) . We propose an initial increase in H3K27me3 levels at the Grin2b promoter disrupts the balance of histone modifications, eventually recruiting REST for further EZH2-mediated enrichment of H3K27me3, resulting in reduced NR2B protein levels. However, at the Grin2a promoter, this threshold was not surpassed by the 21-fold increase in H3K27me3. Further, the levels of other histone modifications, including the mutually exclusive marker H3K27ac, are unknown at these promoter regions. Therefore, more complex mechanisms are likely regulating expression of Grin2a, cumulatively resulting in no change to NR2A protein levels.
We have previously demonstrated the persistent expression of NR2B in PFC compared to other cortical regions (Wang et al. 2008) . Therefore, alterations in NR2B protein in the mPFC throughout development and adulthood can have a great impact on circuitry and behavior (Tang et al. 1999; Cui et al. 2011; Monaco et al. 2015) . The aberrant decrease in synaptic NR2B-NMDARs during juvenile development of MAM animals can affect signaling cascade activation, facilitation in response to incoming stimuli, and working memory and higher-order cognitive abilities (Monaco et al. 2015) . These disruptions to the NMDAR system in the mPFC and hippocampus , particularly during brain development, impose a vulnerability upon the critical fine-tuning of the network necessary for normal cognition in adulthood. Given the importance of the hippocampus-mPFC pathway in cognitive functioning (Marquis et al. 2006 (Marquis et al. , 2008 , future experiments will explore the cognitive profile of juvenile MAM rats with a focus on mPFC-dependent processes, such as working memory and cognitive flexibility. As a result of the continued lack of successful treatments for cognitive impairments in SCZ (Lett et al. 2014) , even in the face of improved positive and negative symptoms, these deficits will persist as will the psychological and monetary burden of this disorder. These data are a contribution to the ever-growing force to understand the neurobiological underpinnings of the highly complex and devastating etiology of SCZ.
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